We recently identified the Saccharomyces cerevisiae hydrogenase (complex I) and succinate dehydrogenase COQ7 gene and showed that its product affects one or (complex II) to the cytochrome bc 1 complex (complex more monoxygenase steps in the synthesis of ubiqui-III) in the plasma membrane of prokaryotes and the none. Other investigators have independently isolated inner mitochondrial membrane of eukaryotes. Q serves the yeast COQ7 gene as CAT5 and identified it as a this function via redox cycling between the oxidized gene necessary for the derepression of gluconeogenic form of ubiquinone (Q) and its reduced or hydroquinone enzymes in yeast. In the present study, a homolog of form, ubiquinol (QH 2 ). Although Q is primarily found the yeast COQ7 (CAT5) gene was isolated from a rat in mitochondria, it is also present in other intracellular testis cDNA library by functional complementation of membranes and in lipoproteins (2, 3). In vitro studies a coq7 deletion mutant of S. cerevisiae. The resulting suggest that QH 2 may function in these nonmitochoncDNA clones contained a 0.8-kb insert with an open drial sites as a lipid-soluble antioxidant, inhibiting reading frame encoding a 183-amino-acid polypeptide. lipid peroxidation of polyunsaturated fatty acids in The rat Coq7 amino acid sequence is 49% identical to membrane phospholipids and in low-density lipoprothat of yeast Coq7p and 58% identical to a C. elegans tein (4, 5). The damage resulting from lipid peroxidahomolog over a 152-aa region. Sequence homology tion products has been implicated in the development searches fail to identify any other significant homoloof atherosclerosis (6), and there is evidence indicating gies. The Coq7 gene was mapped to mouse chromosome that QH 2 may protect mitochondrial proteins and DNA 7, 7.6 { 3.6 cM proximal to the marker D7Mit7, by linkagainst oxidative damage as well (7). QH 2 is capable of age analysis of an interspecific backcross. This region scavenging lipid peroxyl radicals directly, in a manner of chromosome 7 containing Coq7 is part of a linkage similar to that of vitamin E (8), and it may also function group conserved between mouse chromosome 7 and indirectly by reducing a-tocopherol radicals thus regenhuman chromosome 11p15. ᭧ 1996 Academic Press, Inc.
obtained by functional complementation of a yeast coq7 deletion mutant. The feasibility of this approach was previously demonstrated by the isolation of a rat Coq3 homolog through its ability to restore Q synthesis in a yeast coq3 deletion mutant (17) . The genetic mapping of Coq7 in the mouse to chromosome 7 is described.
MATERIALS AND METHODS
Screening by functional complementation. Plasmid DNA from the pYES2-dT and the pYES2-RP, signifying the oligo-dT-primed and random primed libraries (17) , was prepared from the amplified libraries and used to transform the coq7D strain (JM43,coq7D-1; a, leu 2-3,-112 , ura 3-52, trp 1-289, his 4-580, coq 7D-1::LEU2 (14) ). A positive control plasmid pNMQ71 was used in the transformation and screening experiments (14) . One-liter cultures of JM43,coq7D-1 at 0.1 to 0.4 OD/ml were transformed (17) and plated onto standard minimal media supplied with all amino acids and necessary nutrients except uracil (18). When all solutions were freshly prepared the transformation efficiencies routinely ranged upward of 10,000 Ura / FIG. 1. COQ7 is proposed to be involved in two steps of the Q colonies per microgram of plasmid DNA. Ura / colonies were replicabiosynthetic pathway. In S. cerevisiae, the substrates and products plated to plate media containing glycerol as the sole carbon source of these two steps are 3-hexaprenyl-4-hydroxybenzoate (HHB), 3,4-(YPG media contained 1% yeast extract, 2% peptone, 3% glycerol). dihydroxy-5-hexaprenylbenzoate (DHHB), 2-hexaprenyl-3-methyl-6-Yeast plasmid DNA was isolated from three colonies able to grow on methoxy-1,4-benzoquinone (demethoxy-Q), and 2-hexaprenyl-3-glycerol and amplified by transformation of DH5a cells (GibcoBRL, methyl-5-hydroxy-6-methoxy-1,4-benzoquinone (demethyl-Q). In S. Grand Island, NY). No colonies were observed on YPG plates followcerevisiae, n Å 6; in rat, n Å 9 or 10.
ing transformation of JM43,coq7D-1 with vector alone. The three plasmid DNAs obtained were assayed for the ability to restore respiration (growth on glycerol media) of JM43,coq7D-1. All three plasmids again complemented the glycerol growth deficiency and were tween prokaryotes and eukaryotes, it is important to found to contain identical insert DNA by sequence analysis (see befully characterize eukaryotic Q biosynthesis. We have low are respiration defective and hence do not grow on non-Products, Claremont, CA). Primers to the flanking pYES2 vector fermentable carbon sources. Recently, a mutant from sequence were used in the initial sequencing reactions; subsequent the coq7 complementation group, coq7-1, was found to primers were synthesized based on the cDNA sequence obtained, proceeding inward in both directions. All primers were synthesized produce 2-hexaprenyl-3-methyl-6-methoxy-1,4-benzousing the phosphoramidite method on a Pharmacia LKB Gene Asquinone (demethoxy-Q, Fig. 1 ; Ref. (14)). The yeast sembler synthesizer. Sequence analysis was carried out with COQ7 gene was isolated, sequenced, and found to re-DNASTAR/Geneman software and the BLAST (20) and BLOCKS store both growth on nonfermentable carbon sources (21) sequence analysis programs. Hydropathy analysis was done in and the synthesis of Q. Curiously, deletion of the COQ7 accordance with Kyte and Doolittle (22) . gene generates strains which fail to produce demethMouse chromosomal mapping. An interspecific backcross was generated by crossing F 1 females, resulting from the F 1 cross of feoxy-Q. Such coq7 deletion mutants produce only 3-hexmale C57BL/6J mice with male Mus spretus mice, with male C57BL/ aprenyl-4-hydroxybenzoate (HHB, Fig. 1 ), an interme-6J mice (23, 24) . Genomic DNA was obtained from the spleen and diate which accumulates in wild-type yeast and is also kidneys of parental, F 1 , and backcross mice. The genomic DNA from detected as the predominant intermediate in the com-parental and F 1 mice was digested with 1 of 10 restriction enzymes plementation groups coq3-coq8 (15; and unpublished ( involved in one or more monoxygenase steps of Q bioSouthern blots were hybridized with the full-length radiolabeled rat synthesis (14) . Recently, the COQ7 gene was indepen-Coq7 cDNA probe for 15-18 h at 65ЊC in Church buffer, consisting dently isolated and identified as CAT5, a gene neces-of 0.5 M NaH 2 PO 4 (pH 7.0), 7% lauryl sulfate, 2 mM EDTA, 1% BSA, sary for the derepression of gluconeogenic enzymes and washed with 11 SSC-0.1% SDS for 20 min at 50ЊC (11 SSC is 0.15 M sodium chloride, 0.015 M sodium citrate, pH 7.0). Blots were (16) . The relationship between these two functions reexposed to Hyperfilm-MP autoradiography film (Amersham, Clevemains to be characterized. (26) . hydrophilicity plots of the predicted protein sequence show there are no regions of sufficient length and hydrophobicity to be considered candidates for membrane-spanning regions (data not shown). An alignment of the rat, yeast, and C. elegans Coq7 protein sequences reveals a high degree of homology (Fig. 3) . In the region between positions 92 and 244 on the alignment scale, the yeast and C. elegans predicted protein sequences are 44% identical, the rat and yeast versions are 49% identical, and the rat and C. elegans proteins are 58% identical. The Gly residue at alignment position 104 is present in all three homologs. Significantly, a Gly to Asp substitution at this position was the only change detected in the mutant yeast coq7-1 allele (14) . The coq7-1 point  FIG. 2 . The nucleotide and deduced amino acid sequences of the mutant was found to produce demethoxy-Q (Fig. 1) , 0.8-kb insert of the prCOQ7 clone (GenBank Accession No. U46149). while a coq7 deletion mutant failed to generate detectThe nucleotides and the predicted amino acids are numbered on the able levels of demethoxy-Q (14) . Both the coq7-1 point right.
mutant and the coq7 deletion mutant accumulate an early intermediate in Q biosynthesis, HHB (Fig. 1) 
wild-type yeast and in other coq mutant strains (coq3-coq8 (15)). From these observations, it seems likely

RESULTS AND DISCUSSION
that the COQ7 gene product is most likely involved in Screening of a rat cDNA library by functional comple-one or more monoxygenase steps in Q biosynthesis (14) . mentation of a S. cerevisiae coq7 mutant. Yeast coq7 One model consistent with this possibility is that Coq7p mutants are unable to grow on nonfermentable carbon serves a dual function in both the first and last monoxysources due to their lack of Q (13, 14) . Rescue of Q genase steps of Q biosynthesis, either as a monoxygenproduction can therefore be assayed by replicaplating ase itself or as a component essential for monoxygenase transformants onto media containing glycerol, a non-activity. In either case, a deletion mutant would be fermentable carbon source, as the sole source of carbon. predicted to generate a more drastic phenotype in This technique was used to screen plasmid DNA from which only HHB is produced, while the point mutant the pYES-dT and the pYES-RP rat testis cDNA librar-might be able to form small amounts of demethoxy-Q. ies by transformation of a coq7D strain (JM43,coq7D-In this regard it is important to note the conservation 1) (17) . Yeast plasmid DNAs were recovered from three of Gly 104 in the rat Coq7 sequence. Recently, the COQ7 transformants able to grow on glycerol. Retransforma-gene was isolated as the CAT5 gene in a separate mution of JM43,coq7D-1 with DNA from each of these tant screen indicating a function in the regulation of three clones again restored growth on media containing glucose derepression (16) . This finding may indicate a glycerol as the sole carbon source. The three clones coregulation of the respiratory chain and gluconeogenecontained identical DNA inserts as determined by re-sis. Studies are underway to better understand the role striction enzyme mapping and by DNA sequence analy-of COQ7/CAT5 in this relationship. sis of at least 300 bp of the 5 termini of each clone.
Much work has been done to determine the location The plasmid used for all subsequent procedures was of Q biosynthesis. A recent study suggests that Q is designated prCOQ7.
synthesized sequentially in the ER-Golgi system (27) . However, there is evidence to indicate that at least part Sequencing of the rat Coq7 cDNA. Figure 2 shows the nucleotide and the deduced amino acid sequence of of the Q biosynthetic pathway is localized in mitochondria. The N-terminal regions of COQ1, COQ2, and the prCOQ7 clone. The cDNA contained a 755-bp insert with an open reading frame of 549 nucleotides encoding COQ3 all contain typical mitochondrial leader sequences (28-30). These regions are rich in basic amino a 183-amino-acid polypeptide. A consensus site for polyadenylation is present at /667. The predicted initi-acids, lack acidic residues, and have a tendency to form a-helices. An in vitro mitochondrial import study with ator methionine codon at /1 is preceded by an upstream ATG at 038 that initiates a short open reading the yeast Coq3 polypeptide shows the polypeptide is imported into isolated mitochondria and proteolytically tern of Coq7 alleles was compared to the segregation processed in a mechanism that requires a mitochon-patterns of about 300 previously typed polymorphic drial membrane potential (31). In contrast to these markers in the backcross mice, linking Coq7 to several early Q biosynthetic genes, the predicted protein se-mouse chromosome 7 markers. The following order quence of rat Coq7 contains no such motifs consistent is derived from the linkage analysis: centromerewith mitochondrial import. However, there are excep-D7Mit17-6.1 { 2.9-D7Ucla8-4.5 { 2.6-Coq7-7.6 { tions to this general import pathway; for example, the 3.6-D7Mit7 (Fig. 4) . The absence of linkages to markprecursor of cytochrome c is directly translocated ers on other chromosomes and the single genetically across the outer membrane in a receptor-dependent determined hybridization fragment observed suggests manner (32) .
that there is a single copy of the Coq7 gene in the mouse. The mouse Coq7 gene maps to a region of conMapping of the mouse Coq7 gene to chromosome 7. served homology to human chromosome 11p15. AlThe chromosomal location of the mouse Coq7 gene was though several mutations, including tub and Ath3 have determined by linkage analysis with an interspecific been mapped in the approximately 18 cM region bebackcross between (C57BL/6J 1 Mus spretus) 1 tween the markers D7Mit7 and D7Mit17 on mouse C57BL/6J. RFLVs of Coq7 were identified by DNA hychromosome 7 and the corresponding syntenic region bridization of rat Coq7 cDNA to genomic DNA (from on human chromosome 11p (11p15.2-15.1 to 11p15), both parental and F 1 mice) that was digested with a these have no obvious implications for human Q defipanel of restriction enzymes. The RFLV identified by ciency. Clinical symptoms of human Q deficiency were the restriction enzyme EcoRI was chosen to type 66 observed as general muscle weakness and fatigability, backcross mice, yielding 17.4, or 12.3-kb fragments in learning deficiencies, and central nervous system dys-C57BL/6J and M. spretus parental strain DNA, respectively, and both bands in F 1 DNA. The segregation pat-function (33). Continuing studies of mammalian Coq
